Optical properties of orthorhombic DyFeO 3 single crystals have been studied in the far-infrared spectral range of 11-120 cm −1 at temperatures between 1.5 and 50 K and in magnetic fields up to 7 T. The temperature and magnetic-field dependencies of the antiferromagnetic (AFM) resonance spectra have been measured below and above the AFM ordering temperature of Dy 3+ moments with T Dy N = 4.2 K. Hardening of the quasiferromagnetic mode frequency of the AFM resonance due to ordering of Dy 3+ moments is observed. Below T Dy N two electric dipole-active magnetic excitations, or electromagnons, appear in the spectra at ∼20 and ∼50 cm −1 . The electromagnons vanish with the application of a strong magnetic field along the a or b axis which changes the magnetic structures of Fe 3+ and Dy 3+ moments into the ones compatible with the spatial inversion symmetry. We show that the electromagnon at ∼20 cm −1 provides a significant contribution to the static electric permittivity ε. The energies of the electromagnons as well as static electric permittivity manifest a strong hysteresis upon cycling of an external magnetic field at T < T Dy N .
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I. INTRODUCTION
Rare-earth orthoferrites crystallize in the orthorhombically distorted perovskite structure (Pbnm) with four RFeO 3 molecules per unit cell [1] . In all studied orthoferrites the Fe-Fe exchange interaction leads to an antiferromagnetic (AFM) ordering of the Fe subsystem with a weak ferromagnetic (FM) canting due to Dzyaloshinskii-Moriya interaction at Néel temperatures T N in the range between 650 and 700 K [2] . The resulted spin structure 4 (G x A y F z ) persists down to the lowest temperatures in orthoferrites with nonmagnetic R ions (R = Y, La, and Lu). In other RFeO 3 compounds, the magnetic rare-earth ions are polarized by R-Fe exchange interaction, and the degree of polarization increases with the temperature decrease. The increase in polarization results in an increase in magnetic anisotropy of the rare-earth subsystem that can lead to a spin-reorientation (SR) transition. In most rare-earth orthoferrites, the SR transition occurs via two second-order phase transitions, which result in the change in the spin configuration of the Fe subsystem from 4 (G x A y F z ) with the net magnetization directed along the c axis to 2 (F x C y G z ) with the net magnetization directed along the a axis. DyFeO 3 is the only nonsubstituted member of the orthoferrite family in which the spin configuration of the Fe subsystem changes from weakly ferromagnetic 4 to purely AFM 1 (A x G y C z ) via the Morin-type phase transition at T M ∼ 50 K [3, 4] . In the temperature range between 1.5 and 4 K several orthoferrites show spin ordering of the rare-earth subsystem. In particular, Dy 3+ spins order antiferromagnetically in the 5 (g x a y ) spin configuration at T Dy N ≈ 4 K [3, 5] . Application of a high enough magnetic field along the principal crystallographic axes of DyFeO 3 results in SR phase transitions [4, 6] . For example, application of a magnetic field along the a axis results in * Author to whom correspondence should be addressed: stantar@ njit.edu a spin-screw transition of the Fe subsystem from the 1 configuration to the 2 one, application along the b axis-in a spin-flop transition from the 1 to the 4 configuration and application along the c axis-in a spin-screw transition from the 1 to the 4 configuration.
Spin configurations 1 , 2 , and 4 observed in the Fe subsystem of DyFeO 3 (and other rare-earth orthoferrites) are compatible with the space inversion operation and, hence, do not allow either a linear magnetoelectric (ME) effect or a spontaneous electric polarization. Below T Dy N , Dy moments order into the 5 (g x a y ) configuration which together with the 1 configuration of Fe spins form a 222 nonpolar magnetic symmetry group. This symmetry still does not allow spontaneous ferroelectric polarization but, due to breaking of inversion symmetry, allows a linear magnetoelectric effect with diagonal components of the magnetoelectric tensor α ii (i = x,y,z) [7] . A magnetic field applied along the c axis can reorient Fe spins from the 1 to the 4 configuration that together with the 5 Dy spin configuration results in a polar magnetic group 2m m and, hence, existence of spontaneous polarization along the c axis becomes possible (the ME tensor remains diagonal so that α zz = 0). The appearance of spontaneous polarization along the c axis in DyFeO 3 below T Dy N and in high magnetic fields H c (Fe spins are in the 4 configuration) was reported by Tokunaga et al. [8] . The exchange striction between adjacent Fe 3+ and Dy 3+ layers was proposed as the origin of the ferroelectric polarization in the low-temperature multiferroic phase [8] .
Ordering of Dy moments below T Dy N allows for a linear magnetoelectric effect and, hence, opens up a possibility for the observation of dynamic magnetoelectric effects in a form of the so-called electromagnons, which are magnetic resonances excited by the electric e vector of light [9] [10] [11] . Literature on electromagnons in magnetic oxides includes perovskite RMnO 3 [12] [13] [14] [15] [16] , hexagonal YMnO 3 [17] , RMn 2 O 5 [18] , Ba 2 CoGe 2 O 7 [19] , and CuO [20] compounds. In ironbased multiferroics electromagnons were reported in BiFeO 3 [21, 22] [24, 25] , and CuFe 1−x Ga x O 2 [26] . Although electromagnons were observed in a number of magnetoelectric materials, electromagnon spectra were not reported so far for rare-earth orthoferrites.
The spin-wave spectrum of the Fe subsystem in DyFeO 3 consists of four modes of homogeneous magnetic oscillations, two of which are exchange modes with frequencies ∼1000 cm −1 and the other two are acoustic modes, which at k = 0 correspond to quasiferromagnetic (quasi-FM) and quasiantiferromagnetic (quasi-AFM) resonances with frequencies below 20 cm −1 . The properties of the last two excitations were studied in literature only above the temperature of Dy-spin ordering using Raman scattering [27, 28] , infrared (IR) spectroscopy [29] , and neutron scattering [30] . At room temperature the frequency of the quasi-AFM mode is 17 cm
and is higher than the frequency of the quasi-FM mode that is ≈13 cm −1 . With decreasing temperature, the sharp softening of the quasi-AFM mode occurs: It crosses the quasi-FM mode and reaches its minimum at the point of Morin-type SR transition at T M = 50 K. At the same time, the frequency of the quasi-FM mode does not show any peculiarities at the SR phase transition. With a further decrease in the temperature, the frequency of the quasi-AFM mode increases and reaches ≈8 cm −1 at T = 4.2 K. The strongest anomalies at the SR phase transition were observed for the values of magnon oscillator strengths and damping constants which exhibit pronounced discontinuities [29] .
Although the properties of magnetic excitations were carefully studied in literature above the temperature of Dy AFM ordering T Dy N ≈ 4 K here we show experimental data on magnons' behavior at T < T Dy N (down to 1.5 K) and in external magnetic fields up to 7 T. We also report on the observation of two electromagnons positioned at ∼20 and ∼50 cm −1 which appear in the spectra below T Dy N , i.e. in magnetoelectric phase of DyFeO 3 .
II. EXPERIMENT
The floating-zone growth technique was utilized to produce bulk crystals of DyFeO 3 . Single crystals were oriented using x-ray diffraction, cut and mechanically polished in a form of platelets oriented along the orthorhombic a, b, and c directions. The in-plane cross-sectional areas were about 5 × 5 mm 2 , and the 0.3-mm thickness of all samples was optimized for transmission measurements. To minimize the interference fringes in optical experiments, the opposite sides of the samples were wedged at an angle of about 5
• . The transmission experiments were carried out at the National Synchrotron Light Source, Brookhaven National Laboratory at the U4IR beamline equipped with a Bruker i66v IR spectrometer and a LHe-pumped (∼1.6-K) bolometer. Far-IR transmittance spectra were measured using synchrotron radiation with a spectral resolution of 0.3 cm −1 in the spectral range between 11 and 230 cm −1 . The low-frequency cutoff was determined by diffraction at the entrance diamond window for the U4IR beamline. The light polarization in transmission experiments was controlled by wire-grid linear polarizers. An external magnetic field of up to 7 T was applied in the Faraday configuration so that the directions of the light propagation and the field coincided. Correspondingly, the electric and magnetic fields of light were always perpendicular to the external magnetic field. In the text below we will use the notation of transmission geometry where a subindex of the electric or magnetic fields of light will indicate its direction with respect to the crystallographic axes. For example, the e a h b configuration means that electric field of light e is along the a axis, magnetic field of light h is along the b axis, and the direction of light propagation and external magnetic field (if any) are both along the missing third index: the c axis. The raw data of transmittance spectra were normalized to transmittance through an empty aperture with a size equal to that of the sample. For samples with strong thickness interference fringes we normalized the transmitted intensity to that measured at high temperatures or high magnetic fields where no magnons were present. Temperature and magnetic-field dependencies for static values of ε(H,T ) were measured using an LCR meter at 27 kHz.
III. EXPERIMENTAL RESULTS

A. Far-IR spectra of magnons and electromagnons in a zero magnetic field
In this section we will discuss temperature and magneticfield dependencies of transmittance spectra of DyFeO 3 configurations, respectively. To interpret the spectra of magnons we used the selection rules for magnetic dipole excitation of quasi-FM and quasi-AFM modes of AFM resonance (AFMR) in the Pbnm structure of DyFeO 3 [31, 32] , which are summarized in Table I . In this section we will focus first FIG. 3 . Temperature dependence of the quasi-AFM mode frequency. Open circles are experimental data for the quasi-AFM mode from Ref. [29] , blue circles are experimental data from this paper. The inset shows four spectra of transmittance measured at T = 1.5, 2.2, 5, and 10 K in the e b h c configuration. on the temperature behavior of the magnon and electromagnon modes at H = 0. After that we will describe the magnetic-field dependencies of the magnons and electromagnons. at T > 4.2 K. This line is observed only in configurations with h a as one can also see in the complementary e c h a configuration (Fig. 2) . We attribute it to the quasi-FM mode which, according to Table I , can be excited only by h a component of electromagnetic field in the 1 (G y ) phase. This interpretation is in agreement with Balbashov et al. [29] where a quasi-FM mode of AFMR positioned at 14 cm
was observed in transmission spectra of DyFeO 3 with h⊥c at T 4 K. The main new experimental finding is that at T < 4.2 K the frequency of the quasi-FM mode increases from TABLE I. Selection rules for quasi-FM and quasi-AFM modes of AFMR in DyFeO 3 [31, 32] .
Quasi-FM
Quasi-AFM Oscillation Oscillation Fe phase quantities Activity quantities Activity
14 to 19 cm −1 . This magnon hardening at low temperatures can be naturally attributed to the magnetic ordering of Dy spins in the ab plane. For example it is also observed in the magnetic-field dependence of transmission spectra in the e a h c configuration at H = 0 and T = 1.5 K (see Fig. 5 ). Thus we attribute this line to a purely magnetic dipole polarized along the c axis. We note here that this magnon mode is clearly distinguished from the quasi-FM one as the latter has energy of about 19 cm −1 at T = 1.5 K (see Fig. 1 ). We assume that the excitation we observe in Figs. 3 and 5 is a quasi-AFM mode. Indeed, in the 1 (G y ) phase of Fe spins the quasi-AFM mode can be excited by the h c component of the electromagnetic field only (see Table I ). Balbashov et al. [29] reported the observation of the quasi-AFM mode in h c polarized transmission spectra of DyFeO 3 . At T = 4.2 K the quasi-AFM mode's energy is 8 cm −1 that is beyond our accessible spectral range and thus we cannot observe it in our spectra. But as the temperature goes below T denoted EM 1 and a weaker one at 58 cm −1 denoted EM 2 . These lines are observed only in the e c configurations and only below T Dy N . For example, they are also seen in the e c h b configuration at T < 4.2 K (see Fig. 4 ) but cannot be detected in the orthogonal e b h a configuration (Fig. 1) . Thus, EM 1 and EM 2 lines are electric dipole active along the c axis. Among the possible candidates for electric dipole excitations in the far-IR spectral region are phonons and crystal-field (CF) transitions in Dy 3+ ions. The lowest-frequency phonon in rare-earth orthoferrites is known to be at ∼100 cm −1 [28] , which is well above the frequency of the observed two lines. Now let us discuss whether electronic transitions in Dy 3+ ions can be responsible for EM 1 [3] and Mössbauer [34] measurements of DyFeO 3 have shown that the ground doublet of the Dy 3+ ions can be interpreted as a close to a pure |±15/2 state with the axis of quantization lying in the ab plane at an angle of ϕ 0 ≈ ±60
Quasi-AFM mode
• to the a axis (the signs ± in the value of ϕ 0 correspond to two nonequivalent positions of Dy ions). As a result, the g-factor tensor of the ground Dy 3+ doublet is highly anisotropic: g z ≈ 19.7, g x = g y = 0 (in the x y z coordinate system, z is directed along the axis of quantization, and x is directed along the c axis). Such a big value of g z should result in splitting of the ground doublet in the external magnetic field applied along (or having projection on) the axis of quantization z and thus in shifting of the CF lines corresponding to the transitions from the ground doublet to the excited doublets of the Dy 3+ ions. As we will show in the next section, the application of the external magnetic field along the a and b crystallographic axes has not led to any noticeable shift of the EM 1 and EM 2 lines (see Figs. 9 and 11) pointing that they are not related to the CF transitions. Moreover, although the ground doublet of Dy 3+ does not have a nonzero g factor along the c axis, the Dy subsystem does possess an appreciable magnetic susceptibility χ c along the c axis at low temperatures [35] . It was shown [36] that χ c can be explained by Van Vleck contribution from the first excited CF level of Dy 3+ ions, and the calculated value of χ c is in good agreement with the magnetization measurements [35] provided that the first excited CF level is at ∼52 cm −1 . Finally Mössbauer measurements [34] to 50 K are consistent with population of only the ground Dy doublet, thus proving that the first excited CF level is above 50 K (∼35 cm −1 ). Based on the above arguments, we can exclude both phonons and electronic transitions from the candidates of excitations responsible for the observed EM 1 and EM 2 absorption lines. We note, that EM 1 and EM 2 lines appear only below T Dy N when linear magnetoelectric effect is allowed. As we will show in the next section, the application of strong enough magnetic field along the a or b axis, which changes the magnetic structures of Fe 3+ and Dy 3+ moments into the ones compatible with spatial inversion symmetry, results in vanishing of the EM 1 and EM 2 lines (see Figs. 9 and 11 ). Thus we conclude that these lines are observed only in the magnetoelectric phase of DyFeO 3 and attribute them to electric dipole active magnetic excitations or electromagnons.
C. Far-IR spectra of magnons and electromagnons in an external magnetic field
Quasi-FM mode
As was shown above, in the 1 (G y ) state of Fe spins the quasi-FM mode is polarized along the a axis (h||a) and thus is observed in transmission spectra in two complementary configurations: e b h a and e c h a . It is convenient to choose the e b h a configuration to monitor the behavior of the quasi-FM mode since in this configuration the quasi-FM mode is not overlapped with EM 1 absorption which is observed in the e c h a configuration below T Dy N (see Fig. 2 ). 
Quasi-AFM mode
In the 1 (G y ) state of Fe spins the quasi-AFM mode is polarized along the c axis (h c) and thus is observed in the e a h c and e b h c configurations. is the quasi-FM mode. The fact that its frequency gradually increases and stabilizes at 22.5 cm −1 in the field of 2 T might indicate that between 1 and 2 T Fe spins continue to rotate from the 1 structure to the 2 structure until they stabilize at 2 T. Indeed, as was shown by Gnatchenko et al. [38] the reorientation of the Fe spins in H a at T < T M (T M ∼ 50 K is a temperature of Morin transition) occurs in a sequence 4 
through continuous rotation of G vector and is completed by a second-order phase transition to a 2 phase. The stabilization of the quasi-FM mode's frequency above 2 T indicates that the mode's effective g-factor along the a axis when Fe spins are in the 2 phase is negligible in the studied magnetic-field region (up to 4 T).
The magnetic-field dependence of transmittance (H b) in the e a h c configuration at T = 1.5 K is shown in Fig. 5 . The quasi-AFM mode is observed at 14 cm −1 at zero magnetic field, and its frequency is insensitive to magnetic fields up to
cr the quasi-AFM mode absorption vanishes. It was shown [4, 6] that a magnetic field applied along the b axis of DyFeO 3 causes spin reorientation of the Fe subsystem from the 1 (G y ) to the 4 (G x F z ) state accompanied by the reorientation of Dy moments from the 5 (a y g x ) to the 3 (f y c x ) state [37] . In the field-induced 4 phase of Fe spins the quasi-AFM mode is excited by the h c component of the electromagnetic field, just like in the 1 (G y ) phase (see Table I ). Thus the quasi-AFM mode is expected to be observed in e a h c spectra for both H < H 4 (G x F z ) and 3 (f y c x ) configurations correspondingly, the frequency of the quasi-AFM mode is decreased, just like in the case of ω FM , so that it no longer falls into the spectral region of our measurements.
Electromagnons
Transmission spectra of a DyFeO 3 crystal at zero magnetic field revealed two EM 1 and EM 2 absorption lines at 22 cm g x a y ) configuration, the 3 (f y c x ) configuration of Dy moments is compatible with spatial inversion symmetry [7] and thus at H >H b cr , when EM 1,2 absorptions vanish, the magnetoelectric effect in DyFeO 3 is not allowed. Similar behavior of EM 1, 2 lines is observed in transmission spectra when the magnetic field is directed along the a axis. Figure 11(b) shows a magnetic-field dependence (H a) of transmission spectra in the e c h b configuration at T = 1.5 K in the region from 0 to 3 T. At H = 0 the EM 1 f y c x ) configuration, the 2 (f x c y ) configuration of Dy moments is compatible with spatial inversion, and, hence, magnetoelectricity is not allowed [7] . Since EM 1 and EM 2 absorptions are observed only in magnetoelectric phases of DyFeO 3 and, as was shown above, are not related to phonon modes or electronic transitions in Dy 3+ ions, we attribute them to electric dipole-active magnetic excitations or electromagnons. The existence of electric dipole-active magnetic excitations in rare-earth orthoferrites was theoretically predicted by Yablonskii and Krivoruchko back in 1988 [39] and attributed to rare-earth magnetic modes which are odd under inversion symmetry. Our experimental observation of electromagnons in DyFeO 3 at the temperatures below the magnetic ordering of Dy 3+ moments is in agreement with that theoretical prediction. The exact mechanisms of such dynamic excitations that definitely include ordered rare-earth spins would require a separate theoretical study. The role of Fe 3+ spins may not be strong because both the EM 1 electromagnon and the quasi-FM mode were observed simultaneously in Figs. 2 and 9(c) . Note, however, that the appearance of EM 1 correlated with a decrease of the oscillator strength for quasi-FM mode at low temperatures compared to that at T > 4 K (see inset in Fe and Dy subsystems upon sweeping of the magnetic field. Also we note that an irreversible state of Fe spins was recently observed in DyFeO 3 at T < T Dy N upon sweeping the magnetic field along the c axis [40] .
The existence of an EM 1 electromagnon with a strong frequency hysteresis upon cycling of the magnetic field should result in a hysteresis in the corresponding component of the static dielectric constant ε(H ). Figure 10 Below T Dy N , only the lowest |±15/2 Dy doublet is populated, and thus, it governs the magnetic properties of Dy subsystem at these temperatures. For our estimations we will consider the Dy subsystem in a two sublattice approximation with the Dy moments ordered in a collinear antiferromagnetic structure in the ab plane. In this case, the magnetization M Dy of one of the two Dy sublattices below T Dy N = 4.2 K can be described in the Weiss mean-field theory approach as follows:
Here N is a number of Dy 3+ ions in one of the sublattices per unit volume; μ Dy is a magnetic moment of a split Dy ground state doublet sublevel μ Dy ≈ 9.2μ B [3, 33] 
where k is a matching coefficient. Using Eq. (3) we demonstrate that the calculated frequency ω FM (T ) nicely correlates with the experimental data below T Dy N (see the inset of Fig. 1) .
B. Effective g-factor of the quasi-FM mode at T < T Dy N Figure 6 shows that at T = 1.5 K and H >H c cr when Fe spins are in the 4 (G x F z ) phase, the frequency of the quasi-FM mode linearly depends on the external magnetic field along the c axis with effective g-factor g eff ≈ 2.1. The frequency of the quasi-FM mode can be obtained from the equations of motion of magnetic order parameters G and F ,
where 
We note that Eq. (6) was derived using thermodynamic potential (5) where the Dy subsystem was considered paramagnetic. For more accurate results at T < T [31] which is smaller by a factor of ∼2 compared to the value we obtained for T = 1.5 K. Taking into account that Dzyaloshinskii field H D practically does not depend on temperature in YFeO 3 [41, 42] where Y is a nonmagnetic ion, the increase in H eff D at low temperatures in DyFeO 3 can be attributed to the increase in the Dy-Fe interaction. To evaluate the contribution of the electromagnon excitation EM 1 to the changes in ε c (H ) shown in Fig. 10 (a) the transmission spectra from Fig. 9 were modeled and fitted. The obtained magnetic-field-dependent parameters of the EM 1 excitation, such as oscillator strength S EM , eigenfrequency ω EM , and damping constant γ EM are shown in Table II . The modeling of transmission spectra measured during ramping the field up was more complicated and less reliable as the form of the EM 1 spectral line was not nicely fitted with one oscillator and required introduction of two closely positioned and overlapping Lorentz oscillators. For this reason in Table II we indicate only the combined oscillator strength of two (7)] obtained from the modeling of the transmission spectra of DyFeO 3 measured in the e c h a configuration at T = 1.5 K as the magnetic field was ramped up from 0 to 2 T and then down from 2 T to 0. Lorentz oscillators used for the fit of EM 1 during ramping the field up and do not indicate the eigenfrequency and damping constant of EM 1 . The contribution to the electric susceptibility spectrum due to the EM 1 excitation can be described using a Lorentz oscillator,
At ω = 0 Eq. (7) gives the EM 1 contribution to static permittivity ε c : ε EM = χ EM (0) = S EM which is equal to the oscillator strength of the EM 1 excitation. The magnetic-field dependence of S EM from Table II is plotted in Fig. 10 = 0.6 T, which is no longer related to the contribution from the electromagnon EM 1 . The difference between the total change in quasistatic ε c observed during the cycling of the magnetic field at T = 1.5 and 10 K is ε max (1.5K) − ε max (10K) = 0.5 which is close to the oscillator strength of EM 1 in low magnetic fields (S EM ∼ 0.5) indicating that this difference can be mainly due to the contribution from the electromagnon EM 1 .
V. CONCLUSIONS
We have studied magnetic excitations in a DyFeO 3 single crystal in the far-IR spectral region in external magnetic fields along all three main crystallographic directions and low temperatures down to 1.5 K, i.e., below T Dy N . The frequencies of both quasi-FM and quasi-AFM magnon modes demonstrate hardening upon magnetic ordering of Dy spins at T Dy N = 4.2 K that can be attributed to the appearance of an additional effective magnetic field at Fe sites due to Dy-Fe interaction. The quasi-FM mode's g-factor along the c axis at T < T Dy N and low external magnetic fields is zero; at high enough magnetic fields when the Fe subsystem is at the 4 spin configuration g eff = 2.1 which is nearly twice as big as reported earlier for T = 300 K. The increase in g eff can be attributed to the renormalization of the effective Dzyaloshinskii field H eff D due to the increase in Dy-Fe interaction at low temperatures. Two electric dipole-active magnetic excitations EM 1 and EM 2 , or electromagnons, have been found at ∼20 and ∼50 cm −1 in the magnetoelectric phase of DyFeO 3 below T Dy N . The electromagnons vanish with the application of a strong enough magnetic field along the a or b axis which changes the magnetic structures of the Fe 3+ and Dy 3+ moments into the ones compatible with spatial inversion symmetry. We show that the electromagnon at ∼20 cm −1 provides a significant contribution to the static electric permittivity ε. The energies of the electromagnons as well as static electric permittivity manifest a strong hysteresis upon cycling of the external magnetic field at T < T Dy N .
